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A B S T R A C T   

Soil erosion affects 20% of croplands worldwide. However, understanding the effect of soil erosion on N2O 
emissions, which is one of the most potent greenhouse gases, is still limited. This limitation is likely because the 
small-scale differences in soil properties and fertility induced by erosion (i.e. ranges of erosion states) have barely 
been considered in studies quantifying N2O emissions from croplands. There are, however, indications that the 
erosion state itself strongly impacts N2O emission, similar to the N fertilizer form. Therefore, our investigations 
aimed to further explore these indications. 

We measured N2O fluxes for three years and at five sites within an erosion affected field experiment. N2O 
emissions were quantified using a manual chamber system. Three sites were established on a summit position 
(Albic Luvisol; non-eroded) but differed in N fertilizer forms (organic biogas fermented residues, calcium 
ammonium nitrate and a mixture of both fertilizers). Two additional sites were established on an extremely 
eroded soil (Calcaric Regosol) and wet depositional soil in a depression (Endogleyic Colluvic Regosol) to measure 
the effect of soil erosion states on N2O emissions. Both additional sites were fertilized with calcium ammonium 
nitrate only. 

In case of the non-eroded soil (summit), organic fertilization resulted in the highest cumulative N2O emission 
(6.2 ± 0.21 kg N2O-N/ha y− 1) compared to mixed (5.5 ± 0.18 kg N2O-N/ha y− 1) and mineral (1.9 ± 0.17 kg 
N2O-N/ha y− 1) fertilization. These high emissions were probably caused by soluble C and N substrates from 
organic fertilizer, resulting in microbial activities favoring high N2O emissions. Regarding the erosion status, we 
observed the highest N2O emissions in the depositional soil (2.8 ± 0.21 kg N2O-N/ha y− 1), followed by the non- 
eroded (1.9 ± 0.17 kg N2O-N/ha y− 1) and the extremely eroded soil (0.6 ± 0.03 kg N2O-N/ha y− 1). These 
differences in N2O emissions were mainly due to the site-specific, erosion induced differences in soil properties 
such as soil texture, soil organic C and total N contents and stocks, water-filled pore space and soil pH. These 
results indicate that soil erosion state may indeed be of similar importance, as N fertilizer form, for the magnitude 
of N2O emissions from croplands.   

1. Introduction 

Globally, around 20 % of cropland is affected by soil erosion 
(Prăvălie et al., 2021), resulting in reduced soil fertility, crop produc
tivity and food security. This is caused not only by the general, lateral 
transfer of soil organic matter and nutrients from the arable land to the 

water bodies but also by the formation of small-scale patterns within 
cropland areas that differ greatly from one another due to erosion- 
induced soil removal or deposition. Low soil fertility in eroded crop
lands can be exacerbated by tillage operations if subsoil with low carbon 
(C) and nutrient content is mixed into the remaining topsoil (Berhe et al., 
2018; Doetterl et al., 2016; Nie et al., 2019; Van Oost et al., 2007). 
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Information on erosion impact on the importance of cropland as a 
source and sink of climate-relevant trace gases is still very incomplete. 
So far, the focus has been mainly on the influence the soil erosion status 
might have on carbon dioxide (CO2) fluxes (Doetterl et al., 2016; Hoff
mann et al., 2017; Lal, 2019; Vaidya et al., 2021). For instance, Hoff
mann et al. (2018) reported that the C dynamics are driven by soil 
erosion states and plant phenology rather than N fertilizer form. How
ever, in the case of nitrous oxide (N2O), which is one of the most potent 
greenhouse gases, with a global warming potential 273 times greater 
than CO2 (IPCC, 2022), there is very little information on this. 

Agriculture is the principal anthropogenic contributor of increasing 
atmospheric N2O concentration, responsible for approximately 60 % of 
total N2O emission (Ciais et al., 2013; Mbow et al., 2019; Tian et al., 
2020). The rising global demand for food, fodder and fuel triggers higher 
N2O emission due to agricultural intensification with increasing use of 
mineral and organic nitrogen (N) fertilizers (Lassaletta et al., 2016; 
Pradhan et al., 2015; Reay et al., 2012). The level of N2O emission rate is 
strongly determined by the amount of N fertilization. With increasing N 
fertilization, the amount of ammonium (NH4

+) and nitrate (NO3
–) in the 

soil increases, the most important substrates of the microbial processes 
responsible for N2O formation, such as nitrification and denitrification. 
(Bouwman et al., 2002; Pareja-Sánchez et al., 2020; Shcherbak et al., 
2014). The N2O emission rate, however, varies according to N fertilizer 
forms and amount (Gelfand et al., 2016; Kudeyarov, 2020; Millar et al., 
2010). The addition of labile C in organic fertilization can increase 
denitrification in two ways: first, the microbial respiration rate in
creases, consuming soil oxygen and creating the anaerobic conditions 
required for denitrification; second, it also increases the supply of 
readily degradable C, which, along with NO3

–, is also needed as a sub
strate for denitrification. Due to this reason, organic fertilizers (e.g., 
liquid dairy cattle or poultry manure) which contain large amounts of 
labile C and N, might increase N2O emission compared to mineral fer
tilizers (Huang et al., 2020; Van Groenigen et al., 2004). 

There are some indications that the erosion state may exert an in
fluence similar to that of N fertilization on N2O fluxes. On the one hand, 
erosion can lead to extremely high differences in soil organic C (SOC) 
and total N (Nt) content and stocks in the soil at small scales (Kumar 
et al., 2019; Navas et al., 2012; Wang et al., 2020; Xue et al., 2013; 
values differ by a factor of 2 to 10). While topsoil erosion sites are 
characterized by very low SOC and Nt content and stocks (e.g. total C 
concentration <0.5 %; total N concentration <0.04 %), topsoil deposi
tion sites often have much higher SOC and Nt content and stocks (e.g. 
total C concentration >1.5 %; total N concentration >0.5 %). On the 
other hand, erosion state, mostly coupled with a specific terrain posi
tion, indicates substantial differences in the water regime of the soils. 
Overland flow into concave landscape positions does not bring just 
sediments but water. This leads to wetter conditions compared to drier, 
eroded soils at convex landscape positions. Furthermore, a capillary rise 
of groundwater in depositional soils leads to higher soil moisture in 
topsoil, which influences soil C and N transformation processes and N2O 
formation (Kong et al., 2022; Mbonimpa et al., 2015; Nie et al., 2019; 
Weintraub et al., 2015). 

In fact, the few existing investigations about N2O emissions on 
eroded cropland indicate an impact of terrain position on N2O emissions 
(Ashiq et al., 2021; Negassa et al., 2015; Vilain et al., 2010). In some of 
these studies, higher N2O emissions were observed in the depression 
than in the shoulder position (Corre et al., 1996; Gu et al., 2011; Vilain 
et al., 2010; Ashiq et al., 2021). However, the evaluation was either done 
only on two terrain positions (depression and shoulder), or the terrain 
positions were situated in separate fields with different land use, which 
hampers the interpretation of these results. For example, Ashiq et al. 
(2021) investigated the impact of various terrain positions on N2O 
emissions on a landscape scale and did not observe a clear effect of 
terrain position on N2O fluxes. In addition to that, information regarding 
the influence of N fertilizer form coupled with soil erosion state is often 
limited to changes in crop growth and yield (Lin et al., 2019) or C 

dynamics (Hoffmann et al., 2018; Li et al., 2019). To date, it has not been 
investigated whether erosion status actually has a similar strong effect 
on N2O emissions as the form and rate of N fertilization. However, such 
information is urgently needed to correctly assess the role of eroded 
cropland as a source of N2O and develop effective management options 
to reduce N2O emissions and thus, the climate impact of land use. 

We conducted N2O measurements on an eroded cropland over three 
years from May 2010 to May 2013 in order to compare the impact of N 
fertilizer forms and erosion states on N2O emissions. The tested hy
potheses were: (1) At the non-eroded soil, N2O fluxes are higher from 
organic (ORG) and organic + mineral (MIX) fertilized soil compared to 
mineral (MIN) fertilized soil. (2) The three distinct erosion states 
(depositional, non-eroded, extremely eroded soil) have a similar influ
ence on N2O fluxes as N fertilizer forms (ORG, MIX and MIN). 

2. Materials and methods 

2.1. Study area and experimental setup 

The study area is located within the erosion affected study area 
“CarboZALF-D” (6 ha), situated in the hummocky arable ground 
moraine landscape of northeast Germany (53◦ 23′ N, 13◦ 47′ E; ~50–60 
m a.s.l) (Fig. 1). 

The long-term average annual air temperature and precipitation are 
9.1 ◦C and 505 mm, respectively (2005 to 2020; ZALF research station, 
Dedelow). The soils were formed from sandy to marly glacial and gla
ciofluvial deposits through soil erosion, with distinct soil profiles rep
resenting soil erosion states (Sommer et al., 2016, 2008). Terrain 
positions present at the “CarboZALF-D” experimental field vary from 
relatively flat summits and depressions with a gradient of approximately 
2 %, across longer slopes with a medium gradient of approximately 6 %, 
to short and rather steep slopes with a gradient of up to 13 % (Hoffmann 
et al., 2017). 

We established a fractional, two-factorial experiment to investigate 
the influence of erosion state and N fertilizer form on N2O emissions 
(Fig. 1). Three study sites were located on a summit [Albic Luvisols (LVa 
non-eroded soil)]. Here, the form of applied N fertilizer differed [83 % 
organic (ORG) biogas fermented residues (BFR), 100 % mineral (MIN) 
calcium ammonium nitrate (CAN), and a mixture (MIX) of both fertil
izers (57 % MIN + 43 % ORG)]. The real proportion of organic fertilizer 
in the ORG fertilized site was 83 % due to an unusual strong winter in 
2012 which required an additional mineral fertilization at all sites to 
minimize crop yield loss through cold-affected crops (For details, see 
Table A2). Two additional sites were established on an extremely eroded 
steep slope with Calcaric Regosols (RGca) and in a depression with 
Endogleyic Colluvic Regosols (RGco) [soil classification according to 
IUSS Working Group (WRB, 2015)]. Both were treated with 100 % CAN. 
The RGco in drainless lower terrain positions contained the largest 
organic matter and nutrient stocks with a groundwater level (GWL) 
approximately 80 cm below the surface. The crop rotation of Maize (Zea 
mays L.) – Maize (Zea mays L.) – Winter rye (Secale cereale L.) – Sorghum 
(Sorghum bicolor) – Triticale (Triticosecale) was identical for all sites. 
After each harvest, all sites were ploughed (25 cm), followed by fertilizer 
incorporation and seedbed preparation using a rotary cultivator. 

2.2. Fertilization 

ORG originated from maize silage and co-fermented with cattle 
slurry was applied using a manure trailer (10 m3) with a drag hose. Right 
after application, ORG was directly incorporated into the soil using a 
rotary cultivator. The amount of ORG applied to LVa-ORG and LVa-MIX 
was determined to match the amount of mineral N fertilizer application 
at LVa-MIN, RGca-MIN and RGco-MIN. Therefore, it was assumed that 
the plant-available N (PAN) accounted for 70 % of the Nt in ORG 
(Buchen-Tschiskale et al., 2020; Forrestal et al., 2016). MIN was applied 
using a pneumatic fertilizer spreader and incorporated into the soil to a 
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depth of 20 cm within a week after application using a cultivator. Due to 
a strong winter in 2012 (temperatures below − 20 ◦C), additional MIN 
was applied at all five sites to minimize crop yield loss through cold- 
affected crops. Further details about crop management and applied 
fertilizers for P, K, Mg, and S can be found in Table A2. 

2.3. N2O flux measurements 

Nitrous oxide fluxes were measured using a non-flow-through non- 
steady-state (NFT-NSS) manual closed chamber system (Livingston and 
Hutchinson, 1995). The chambers [thickness: 2 mm; volume: 0.296 m3; 

area: 0.5625 m2 (0.75 m × 0.75 m)] used in the study were made out of 
white PVC and equipped with four vents at the top to connect pre- 
evacuated glass bottles (volume: 60 ml) for air sampling. Additional 
white PVC extensions (volume: 0.296 m3) were used to adjust chamber 
volume for plant height. We performed N2O flux measurements for three 
repetitive plots per site (pseudo-replication) by deploying the chambers 
on a PVC frame inserted 5 cm deep into the soil. Frames were removed 
prior and placed again directly after farming practices such as soil 
preparation, fertilization and harvest. Chambers and extensions were 
sealed at the bottom using rubber gaskets to assure airtight closure and 
prevent leakage (Hoffmann et al., 2018). In addition, chambers were 

Fig. 1. (Top) Location of the study area CaboZALF-D near Dedelow, Uckermark region, NE Germany (53◦23 N, 13◦47E), showing the position of the five mea
surement sites representing the three different soil erosion states and N fertilizer treatments; (bottom) idealized schematic representation of erosion states char
acterized by distinct soil profiles; Albic Cutanic Luvisol (LVa; non-eroded soil), Calcaric Regosol (RGca; extremely eroded soil), Endogleyic Colluvic Regosol (RGco; 
depositional soil). The ORG, MIN and MIX represent organic, mineral and mixture of organic and mineral fertilizer forms, respectively (see Section 2.1 for further 
details). SOC and Nt stocks represent total sums of soil horizon-wise analyzed stocks. 
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fixed to the frame using elastic belts. Chamber deployment time was 60 
min, with gas samples taken in a 20 min interval, resulting in four gas 
samples per flux measurement. Hence, we collected 12 samples from 
each site during one measurement campaign. Gas samples were subse
quently analyzed for CO2 and N2O concentrations using a gas chroma
tography system (GC-14A and GC-14B, Shimadzu Scientific Instruments, 
Japan) equipped with an electron capture detector (Loftfield et al., 
1997). In general, N2O flux measurements were carried out every 2 to 4 
weeks throughout the study period. Additional measurements were 
conducted to more accurately cover events with expected peaks in N2O 
fluxes (e.g., Barton et al., 2015). This included daily N2O flux mea
surements up to one week following fertilization, with a decreasing 
frequency afterwards. In addition, sampling frequency increased after 
heavy rain and frost-thaw events. 

2.4. N2O flux calculation, estimation of annual emission and emission 
factor 

Prior to N2O flux calculation, N2O concentration development over 
chamber closure was checked for reliability using the expected CO2 
concentration increase (opaque chamber; ecosystem respiration) during 
the same measurement as a quality criterion (Jurasinski et al., 2014). In 
the case of decreasing CO2 concentrations over measurement time, 
measurements were considered biased and excluded from further anal
ysis. To increase the robustness of flux calculation, we aggregated the 
determined concentrations of all three parallel chamber measurements 
per site and measurement day to one flux data set (n = 12) (Huth et al., 
2018). 

Nitrous oxide fluxes (F; µmol m− 2 s− 1) were calculated according to 
the ideal gas law (Eq. (1)) and based on the often used assumption of a 
linear concentration increase during chamber enclosure (e.g., Barton 
et al., 2008; Huth et al., 2018; Jamali et al., 2016; Ussiri and Lal, 2012). 

While the use of linear regression can often lead to the underesti
mation of fluxes, the linear regression based flux estimates are less 
sensitive to random errors (Venterea et al., 2020). 

F =
pV

RTA
⋅
dc
dt

(1)  

where p denotes the ambient air pressure (Pa), V denotes the chamber 
volume (m3), R denotes the gas constant (8.314 m3 Pa/K mol− 1), T 
denotes temperature inside the chamber (K), A denotes the chamber 
basal area (0.5625 m2) and dc/dt denotes the slope of the linear N2O 
concentration change in chamber headspace over measurement time 
(s− 1). Outliers in the aggregated data set for one flux measurement were 
identified, using six times the interquartile range (IQR) of regression 
residues as outlier criteria. 

Nitrous oxide emission estimates were derived through simple linear 
interpolation of measured N2O fluxes, thus assuming a linear change 
between fluxes of two consecutive measurement campaigns. We esti
mated the uncertainty of the measured N2O emissions by using the error 
prediction algorithm described in detail by Huth et al. (2018). 

Annual emission factors (EF, %) for N2O were calculated following 
Dobbie and Smith (2003) and Jungkunst et al. (2006) as the percentage 
of total annual N2O emission (kg N2O-N ha− 1) to applied N fertilizer 
(kg N ha− 1). In accordance with both studies, no correction for back
ground emission was performed. 

2.5. Auxiliary measurements and soil analysis 

In addition to N2O flux measurements, we recorded environmental 
variables such as air pressure, air temperature, wind speed, wind di
rection and precipitation (WXT520 weather transmitter, Vaisala, Hel
sinki, Finland). We measured volumetric soil water content (SWC) with 
Frequency Domain Reflectometer (FDR) at reference soil profiles (15 cm 
depth). The measured % SWC was converted to water-filled pore space 

(% WFPS) for the three distinct erosion states using the bulk and particle 
density of the specific soil erosion state (AP horizon). 

%WFPS =
Soil Water Content

Porosity
(2)  

(Porosity = 1-bulk density/particle density); particle density = 2.65 mg 
m− 3 (theoretical assumption (Gu et al., 2013; Lind et al., 2019; Vilain 
et al., 2010)). 

Prior to the study, soil physical and chemical analyses for all three 
erosion states (LVa, RGca and RGco) were performed (Table 1). Undis
turbed soil cores (100 cm3) were taken in the middle of soil horizons and 
dried at 105 ◦C for determination of bulk density (BD). Bulk soil material 
was taken for each soil horizon, air dried, gently crushed and sieved (2 
mm) to obtain the fine fraction (particle size <2 mm) as well as the 
coarse fraction (>2 mm, gravel). The particle size distribution of the fine 
fraction was determined by a combined wet sieving (>63 μm) and 
pipette (<20 μm) method (Schlichting et al., 1995). Pre-treatment for 
particle size analysis was done by (i) wet oxidation of organic matter 
using hydrogen peroxide (H2O2) (10 vol%) at 80 ◦C, (ii) carbonate 
dissolution with 0.5 N hydrochloric acid (HCl) (80 ◦C) and (iii) disper
sion by shaking the sample end over end for 16 h with a 0.01 M tetra
sodium pyrophosphate (Na4P2O7)-solution (Schlichting et al., 1995). 
The total C and Nt content were determined by elementary analysis 
(TruSpec CNS analyzer, LECO ltd., Mönchengladbach, Germany) using 
carbon dioxide via infrared detection after dry combustion at 1250 ◦C 
(DIN ISO 10694, 1996). CaCO3 was determined conductometrically 
using the Scheibler apparatus (Schlichting et al., 1995). Soil pH was 
determined on soil material <2 mm in a 0.01 M CaCl2 solution with a 
TitraMaster 85 (Radiometer Analytical SAS, Lyon, France). During the 
growing season, soil samples were taken at different depths (0–30 cm, 
30–60 cm, 60–90 cm) and extracted with 0.0125 M CaCl2 solution (ratio 
1:4) and analyzed for NH4

+-N and NO3
–-N concentrations using spectro

photometry (VDLUFA, 1991) with a continuous flow analyzer (Skalar 
Analytics, CFA-SAN, Breda, Netherlands). 

2.6. Statistical analysis 

We checked for homogeneity of variances in derived N2O fluxes 
(pseudo-replicates) among the three N fertilizer forms within the same 
soil erosion states (LVa-ORG, LVa-MIX, LVa-MIN) and the three distinct 
soil erosion states with mineral fertilizer application (LVa-MIN, RGca- 
MIN, RGco-MIN), using Bartlett’s test. To achieve the normality and 
homogeneity of variances required for the one-way ANOVA, we trans
formed the measured N2O fluxes logarithmically. We tested the differ
ences in N2O fluxes between the N fertilizer forms and soil erosion states 
with a one-way ANOVA followed by post-hoc multiple comparisons 
using Tukey’s HSD method (significance level p < 0.05). In addition, soil 
temperature and %WFPS measured at the three distinct erosion states 
during the study period were tested for differences using the non- 
parametric two-sample Wilcoxon rank-sum test (significance level p <
0.05). Due to pseudo-replicates resulting from difficulties to replicate 
hillslope erosion and depositional sites, caution was applied in the 
inference of the statistical results. 

3. Results 

3.1. Environmental conditions 

The average annual weather conditions during the study (2010 to 
2013) were similarly warm (9.2 ◦C) but more humid (549 mm) 
compared to the long-term average annual air temperature of 9.1 ◦C and 
precipitation of 505 mm (2005 to 2020, ZALF research station, Dede
low). The mean daily air temperature showed a clear seasonal pattern. 
The range was between − 17.5 ◦C in February 2012 and 27 ◦C in July 
2010 (Fig. 2a). 
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Table 1 
Soil types and erosion states induced by terrain position at the experimental sites as well as their physical and chemical properties. The properties related to the % soil 
texture are given for coarse, medium and fine sand (cs, ms, fs), coarse, medium and fine silt (csi, msi,fsi) and clay.  

Soil types (WRB) Horizon Depth >2 
mm 

Bulk 
density 

Fine-earth 
mass 

cs ms fs Csi msi fsi clay pH SOC 
stocks 

Nt 

stocks 
C/ 
N 

cm wt.- 
% 

Mg m− 3 kg m− 2 1 
m− 1 

wt.-% of humus-/carbonate-free fine-earth 
(<2 mm) 

(CaCl2) kg m− 2 kg m− 2  

Albic Luvisol (Cutanic), 
non-eroded 

Ap 0–31 3  1.76 533 4 22 33 18 9 5 9  5.53  4.13  0.41 10  

E 31–45 2  1.79 245 5 19 27 18 13 8 10  6.19  0.74  0.07 11  
Bt/E 45–62 4  1.67 272 4 18 26 16 11 8 16  6.37  0.81  0.06 13  
Btg1 62–90 2  1.76 484 4 19 28 14 9 8 19  6.79  1.40  0.13 11  
Btg2 90–135 2  1.73 169 3 20 31 14 10 6 16  7.24  0.45  0.04 11  

Calcaric Regosol (Densic), 
extremely eroded 

Ap 0–15 4  1.54 222 2 18 43 14 7 5 10  7.62  0.94  0.13 7  

CBkl1 15–28 4  1.68 209 5 20 38 13 8 4 11  7.63  0.73  0.13 6  
CBkl2 28–83 5  1.81 947 4 23 35 11 9 5 13  7.71  0.57  0.15 4  
CBkl3 83–200 4  1.83 299 4 23 35 12 8 6 12  7.74  0.18  0.05 4  

Endogleyic Colluvic Regosol 
(Arenic), 
depositional 

Ap 0–30 1  1.58 469 4 23 32 18 8 5 10  6.31  6.86  0.76 9  

Ab 30–58 1  1.66 461 3 17 31 19 11 6 13  6.85  4.10  0.46 9  
BAlb 58–85 2  1.57 415 4 23 32 18 9 5 10  7.26  3.41  0.43 8  
fAhBl 85–106 0  0.78 116 4 20 28 18 10 7 13  6.86  4.37  0.41 11  

Fig. 2. Environmental conditions at the study area throughout the study period. The panels show a) daily mean air temperature (continuous line), b) soil temperature 
at 15 cm depth and c) water-filled pore space (WFPS %) and sum daily precipitation (mm d− l) for three distinct erosion states recorded at the climate station, 
CarboZALF, Dedelow. The abbreviation LVa-MIN, RGca-MIN and RGco-MIN represent three distinct erosion states [Albic Luvisols (LVa; non-eroded soil on flat 
hilltops), Calcaric Regosols (RGca; extremely eroded soil on steep slopes) and Endogleyic Colluvic Regosols (RGco; depositional soil on depression)] which were 
mineral fertilized only. The upper coloured region shows the crop rotation during the study period, which includes: Maize (Zea mays L.) – Maize (Zea mays L.) – 
Winter rye (Secale cereale L.) – Sorghum (Sorghum bicolor) – Triticale (Triticosecale). 
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Soil temperature recorded at 15 cm soil depth (Fig. 2b) showed a 
distinct seasonal variation but did not vary significantly between the soil 
erosion states (p > 0.05; Wilcoxon rank-sum test). WFPS, however, 
evidenced significant differences (15 cm soil depth) between the three 
soil erosion states (p < 0.05; Wilcoxon rank-sum test). With the highest 
mean WFPS in the LVa-MIN (77.5 %), followed by the RGco-MIN (68.7 
%) and the lowest in the RGca-MIN (53.0 %). An increase in %WFPS at 
all three sites was generally observed following precipitation and 

freeze–thaw events during winter (Fig. 2c). Three heavy-precipitation 
events (>50 mm d− 1) occurred on 14th August 2010, 29th July 2011 
and 7th July 2012. 

3.2. Impact of the erosion states on soil properties 

The site-specific differences in soil physical and chemical properties 
for the three distinct erosion states are presented in Table 1. The SOC 

Fig. 3. Temporal dynamics (a-e) of measured (red dots) and interpolated daily N2O fluxes (left, y-axis) and development of cumulative N2O fluxes (right, y-axis) 
measured at the five different measurement sites during the study period (May 2010 to May 2013). The vertical dotted line represents three major precipitation 
events. Vertical arrows represent the date and type of fertilizers (ORG, MIX, and MIN) (described in Table A2). Sowing of Maize for RGco was done earlier 
(23.04.2010) than the other sites (05.05.2010). The grey shaded areas show the two-sided error margin (95% confidence interval). 
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and Nt stocks at the topsoil horizon varied depending on the state of 
erosion. The highest SOC (18.7 kg m− 2) and Nt (2.1 kg m− 2) stocks were 
observed in RGco than LVa and RGca, with greater differences between 
RGco and RGca. The soil pH increases with depth at all erosion states, 
except at RGco, which decreases at the deeper depth. At the topsoil 

horizon, the pH is slightly acidic for RGco (6.31), moderately acidic for 
LVa (5.53) however, slightly basic for RGca (7.62). The total % sand 
content is slightly higher for RGca (63 %) compared to LVa (59 %) and 
RGco (59 %). 

Fig. 4. Relationship between mineral N (NO3 + NH4) availability at different soil depths (0–30 cm; 30–60 cm and 60–90 cm) and N2O fluxes. a), b) and c) within the 
same soil erosion state but with different N fertilizer forms (LVa-ORG, LVa-MIX, LVa-MIN) and d), e) and f) within distinct soil erosion states (RGco-MIN, LVa-MIN, 
RGca-MIN). The N2O fluxes were averaged between the two consecutive soil mineral N sampling dates. The dashed lines represent the respective linear regression fit. 
R2 and regression slope are given within each plot, following the color scheme of the regression lines. In the case of significant linear regression with leverage and 
influential data points, R2 and slope of the linear regression excluding identified influential data points are given in addition. In Fig. 4a, (i) and (ii) indicate R2 and 
slope without and with influential data points respectively. For identifying influential data points, the Cook’s distance was used. Asterisks (*) indicate the level of 
significance where, p < 0.05 *, p < 0.01 ** and p < 0.001 ***. The error bars show ± standard error. 
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3.3. Measured N2O fluxes 

N fertilizer forms significantly influenced measured N2O fluxes 
within the same soil erosion state (Fig. 3a-c, F = 5.871, p = 0.004, 
ANOVA). Multiple comparisons suggested that the N2O fluxes at LVa- 
ORG and LVa-MIX were significantly higher than at LVa-MIN (p <
0.05, ANOVA). However, differences in N2O fluxes between LVa-ORG 
and LVa-MIX were not significant (p = 0.990, ANOVA). Besides N fer
tilizer form, distinct soil erosion states also influenced measured N2O 
fluxes significantly (Fig. 3c-e, F = 6.572, p = 0.002, ANOVA). Multiple 
comparisons suggested that the N2O fluxes for the RGco-MIN and LVa- 
MIN were significantly higher than the RGca-MIN (p < 0.05, ANOVA). 
However, the N2O fluxes at the RGco-MIN site were not significantly 
higher than at the LVa-MIN site (p = 0.883, ANOVA). 

These differences in N2O fluxes among the N fertilizer forms and 
distinct soil erosion states were mainly visible in the short term N2O flux 
peaks after each N fertilization event at the beginning of the growing 
season. Further, the N2O flux peaks in 2010 at all sites were higher than 
the range of flux peaks measured during the remaining study period 
except for RGca-MIN. Thus, significant inter annual variability in N2O 
fluxes (F = 6.064, p < 0.0006, ANOVA) within all measured sites was 
observed (Fig. 3a-e), with the multiple comparisons suggesting that the 
N2O fluxes in 2010 were significantly higher for all sites than those 
measured in 2011, 2012 and 2013 (p < 0.05, ANOVA). 

Despite a similar N fertilizer amount [152.61 kg N ha− 1 (ORG)] 
during the second maize cropping period in 2011, the flux peak was 
lower compared to the peak observed in 2010 for LVa-ORG. This lower 
N2O flux peak in 2011 was accompanied by, in general, lower %WFPS 
(76 %) but similar air (14.8 ◦C) and soil temperatures compared to 2010. 
During the sorghum cropping period in 2012, we observed a lower N2O 
flux peak than for maize in 2010 and 2011 for LVa-ORG. This lower flux 
peak was again accompanied by lower %WFPS and air temperature in 
2012 than in 2010 and 2011 (Fig. 2a,c Table A3). In 2012, we observed 
almost identical N2O flux peak sizes for LVa-ORG and LVa-MIX but not 
for LVa-MIN after the application of fertilizers. Although N2O fluxes 
were generally low in the fallow period, we observed an exceptional flux 
peak in LVa-MIX before applying N fertilizer on 8th February 2011 
(Fig. 3b). Among the distinct soil erosion states, we observed a higher 
N2O flux peak for RGco-MIN compared to LVa-MIN and RGca-MIN 
during the first maize cropping period of 2010 (Fig. 3c-e). This higher 
flux peak was observed within a month after applying mineral fertilizers 
and after that, the flux decreased again. Correspondingly, the highest 
flux peak obtained in 2010 in LVa-MIN compared to the entire study 
period was three times lower than the peak in RGco-MIN. In contrast, the 
RGca-MIN showed low responses to fertilizers and the fluxes remained 
consistently very low for the entire study period (Fig. 3d). Apart from 
temperature and %WFPS, LVa-ORG showed a significant correlation 
between soil mineral N and N2O fluxes at both the 0–30 cm and the 
30–60 cm depth (Fig. 4). However, the relation between soil mineral N 
and N2O fluxes for LVa-MIN, RGca-MIN and RGco-MIN was not 
significant. 

3.4. Impact of soil erosion state and N fertilization on aboveground dry 
matter yield and N removal 

On the non-eroded soil, N fertilizer form had no clear effect on 
aboveground dry matter yield and N uptake. In contrast, the erosion 
status factor had a clear effect. The two erosion-influenced sites had 
lower average yields and N uptake compared to the non-eroded soil. The 
extremely eroded soil (RGca) was the most affected. The difference 
between the amount of N fertilizer applied and the amount of N taken up 
by the plants for the entire study period showed negative values, i.e. part 
of the N taken up originated in the soil’s N stock (Table A4). 

3.5. Cumulative N2O emission 

The N fertilizer forms, distinct soil erosion states and year strongly 
affected cumulative N2O emissions (Fig. 5) and EF (Table 2). We 
observed higher cumulative N2O emission during maize 2010 for all 
sites (except for RGca-MIN) ranging from 1.1 kg N2O-N ha− 1 y− 1 to 8.3 
kg N2O-N ha− 1 y− 1 compared to maize 2011 (0.9 to 4.3 kg N2O-N ha− 1 

y− 1) and sorghum 2012 (0.6 to1.5 kg N2O-N ha− 1 y− 1). 
Among the three N fertilizer forms within the same soil erosion state, 

LVa-ORG showed the highest cumulative N2O emission (6.2 ± 0.21 kg 
N2O-N ha− 1 y− 1) compared to LVa-MIX (5.5 ± 0.18 kg N2O-N ha− 1 y− 1) 
and LVa-MIN (1.9 ± 0.17 kg N2O-N ha− 1 y− 1) (Fig. 5). While comparing 
the three different soil erosion states, the cumulative N2O emission at 
the RGco-MIN (2.8 ± 0.21 kg N2O-N ha− 1 y− 1) was five times higher 
than at RGca-MIN (0.6 ± 0.03 kg N2O-N ha− 1 y− 1) irrespective of the 
identical mineral fertilizer application. For both LVa-ORG and RGco- 
MIN which have the highest cumulative N2O emission, the maize and 
sorghum contributed 75 % and 76 % to the total cumulative emissions, 
respectively. In contrast, for LVa-MIX, LVa-MIN and RGca-MIN, the 
contribution of maize and sorghum was lower than 50 % to the total 
cumulative N2O emission (Fig. 5). Likewise, we observed higher EF 
during the year 2010 for all sites (except for RGca-MIN) varying from 
0.7 % to 3.9 % of the total applied N fertilizer compared to maize 2011 
(0.6 % to 2.0 %) and sorghum 2012 (0.6 to 1.1 %). 

4. Discussion 

Our results show that the sites significantly influenced N2O fluxes, 
suggesting that both N fertilizer form and erosion state affect cumulative 
annual N2O emissions in similar eroded arable croplands. Although the 
major part of the annual emission was directly linked with the obtained 
N2O flux peaks after fertilizer applications, the magnitude of these flux 
peaks varied among the fertilizer forms and soil erosion states. 

Nitrous oxide flux peaks obtained at all measured sites after the 
application of N fertilizer are in agreement with findings of numerous 
previous studies (De Rosa et al., 2018; Deng et al., 2017; Skinner et al., 
2019; Song et al., 2020). These peaks were caused by applying N fer
tilizer before or during initial crop growth and thus at a time of low plant 
N demand, creating favorable conditions for microbial activities, i.e. an 
increased supply of easily metabolizable N-compounds, higher % WFPS 
and increasing temperature, resulting in higher nitrification and deni
trification. It is well known that such conditions can strongly stimulate 
N2O formation by nitrifying and denitrifying microorganisms (Bateman 
and Baggs, 2005; Dai et al., 2020; Dobbie and Smith, 2003; Pareja- 
Sánchez et al., 2020). The highest N2O flux peak was observed in 2010 
(maize) at all sites (except for extremely eroded soil) and corresponded 
well with elevated temperature and a %WFPS higher than 60 % during 
that year’s fertilization period (Fig. 3a-e; Table A3). This dependency of 
N2O flux peak on %WFPS at all sites was further substantiated by lower 
flux peaks, observed in 2012 (sorghum), coinciding with a %WFPS <60 
% (Fig. A1). A number of studies showed the relationship between WFPS 
and N2O emission (Ariani et al., 2021; Dobbie and Smith, 2003; Ruser 
et al., 2006) as well as confirmed a threshold of 60 % WFPS, above 
which the N2O emission increases rapidly after N fertilizer application 
(Davidson, 1993; Jäger et al., 2011; Jamali et al., 2016; Niu et al., 2018). 

Nitrous oxide fluxes from the sites receiving ORG and MIX fertilizer 
application were significantly higher than from sites receiving MIN 
fertilizer application within the non-eroded soil. This finding agrees 
with other studies where higher N2O flux peaks were observed after 
organic fertilizer application compared to mineral fertilizer application 
(Van Groenigen et al., 2004; Velthof and Rietra, 2018; Zhou et al., 
2017). Differences between N2O fluxes of mineral and organic fertilizer 
were generally found on coarse textured soil than in fine textured soil. 
On the one hand, Han et al. (2017) argued that this could be due to the 
limitation of soil C availability usually present in the coarse textured 
soil, which might limit denitrification. On the other hand, there is more 
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labile C in clay-rich soils from the outset, therefore the N2O production 
and emission should be even higher here. Hence it is much more likely 
that in sandy soils, due to the lack of reactive clay surfaces, more labile 
C/N compounds are exposed to direct microbial access, i.e., are rapidly 
and more extensively mineralized (Islam and Singh, 2022). In general, 
the higher N2O fluxes in ORG fertilized soil than MIN fertilized soil can 
be likely attributed to the substantial increase in the supply of micro
bially easily accessible C- and N-compounds through organic fertilizer 
application. Adding additional C and N through ORG fertilization might 
enhance microbial activity leading to the consumption of O2, hence 
creating anoxic conditions in the soil due to O2 depletion, which further 
promotes denitrification and enhances N2O fluxes (O’Neill et al., 2020). 
The significant correlation between soil mineral N and N2O flux at ORG 
indicates that (Fig. 4). However, as the results of the analyses also show, 
these relationships can also change significantly even at short distances 
due to erosion. Of course, it is also conceivable that these relationships 

are subject to strong temporal dynamics. This is especially true for 
depositional soils, because anaerobic conditions can develop very 
quickly here, even without the addition of readily degradable C and N 
compounds, due to the rise of groundwater. Hence, subsequent process 
studies are required to clarify this conclusively. 

We also observed N2O emissions peaked at most sites in late 2012, 
although no fertilizers were applied. These peaks can be related to a 
changing % WFPS due to frequent precipitation events and reduced 
evapotranspiration at low temperature (Fig. 2c). In addition to that, 
multiple studies showed that freeze–thaw events result in enhanced N2O 
fluxes (Chen et al., 2019; McGowan et al., 2019; Song et al., 2017; Weller 
et al., 2019) through soil O2 depletion as a result of enhanced microbial 
respiration (Mørkved et al., 2006) and stimulation of N2O production via 
denitrification. This might help to explain the minor peak in N2O fluxes, 
obtained during late February 2012 at all sites, since enhanced N2O 
fluxes directly followed a thawing period after almost one month of 

Fig. 5. Stacked bar diagram showing cumulative N2O emissions combining measurements of all three years with (left) three different N fertilizer forms: ORG, MIN 
and MIX representing organic, mineral and mixture of organic and mineral fertilizer forms, respectively applied at non-eroded soil (LVa) and (right) three different 
soil erosion states [Albic Cutanic Luvisol (LVa; non-eroded soil), Calcaric Regosol (RGca; extremely eroded soil), Endogleyic Colluvic Regosol (RGco; depositional 
soil)] with same N fertilizer form (MIN). 

Table 2 
Cumulative N2O emission of maize 2010, maize 2011 and sorghum 2012 as affected by the total nitrogen fertilizer (kg N/ha) applied at the five measurement sites 
Given ± refers to the calculated uncertainty estimate of annual N2O emissions following the approach of Huth et al. (2018).  

Year Temperature 
(AVG) 

Precipitation 
(SUM) 

WFPS 
(AVG) 

Crop type Site Applied Nt Fertilizer (kg N 
ha− 1) 

Cumulative emission (kg N2O-N 
ha− 1) 

Emission Factor 
(%) 

2010 11.2 469.7 83 Maize LVa-ORG 213.7 8.3 ± 0.5  3.9 
NA Maize LVa-MIX 219.4 4.5 ± 0.3  2.1 
77 Maize LVa-MIN 160 1.1 ± 0.1  0.7 
55 Maize RGca- 

MIN 
160 0.1 ± 0.02  0.1 

68 Maize RGco- 
MIN 

160 3.6 ± 0.5  2.2  

2011 10.0 618.1 75 Maize LVa-ORG 218 4.3 ± 0.3  2.0 
NA Maize LVa-MIX 179.2 1.5 ± 0.1  0.8 
70 Maize LVa-MIN 160 0.9 ± 0.03  0.6 
49 Maize RGca- 

MIN 
160 0.3 ± 0.02  0.2 

69 Maize RGco- 
MIN 

160 2.0 ± 0.2  1.3  

2012 9.3 584.4 64 Sorghum LVa-ORG 141 1.4 ± 0.1  1.0 
NA Sorghum LVa-MIX 129.1 1.5 ± 0.1  1.1 
55 Sorghum LVa-MIN 100 0.6 ± 0.1  0.6 
45 Sorghum RGca- 

MIN 
100 0.2 ± 0.1  0.2 

60 Sorghum RGco- 
MIN 

100 0.8 ± 0.03  0.8  
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continuously frozen soil (Fig. 2). 
The cumulative N2O emissions obtained in this study at all five sites 

(Table. 2) were within the range of values derived from field experi
ments within Germany and summarized by Jungkunst et al. (2006). In 
line with the study of Kaiser et al. (2000), which investigated arable soils 
across Germany, the N2O emissions obtained in our study were higher in 
the ORG fertilized site (6.2 kg N2O-N ha− 1 y− 1) compared to the MIN 
fertilized site (0.6 kg N2O-N ha− 1 y− 1) while the MIX variant was in 
between but closer to the ORG variant (5.5 kg N2O-N ha− 1 y− 1). These 
differences in cumulative N2O emission values resulted primarily from 
the differences in the N2O flux peaks after the application of N fertilizer. 
Thus, both the results on current N2O fluxes and those on cumulative 
annual N2O emissions confirmed our first hypothesis, that in the non- 
eroded soil, N2O fluxes are higher from ORG and MIX fertilized soil 
compared to MIN fertilized soil. In agreement with our second hypoth
esis, our result showed that erosion state had a similarly strong impact 
on N2O fluxes and thereby cumulative emission as N fertilizer form. This 
finding is similar to the previous landscape-scale study by Vilain et al. 
(2010), which found more than three times higher N2O emissions in 
depositional soil than at a slope and summit position. Also, Gu et al. 
(2011) reported higher N2O emission in depositional soil compared to 
the summit, but only for one of their three study sites, which was 
characterized by comparable pH and soil moisture content when 
compared to our study sites. 

Depending on the erosion state, we observed distinct site-specific 
differences in soil physical and chemical properties (Fig. 2c, Table 1), 
which might have influenced the N2O emissions (Fig. 3c-e). The higher 
N2O fluxes in depositional soil might be associated with the observed 
higher SOC and Nt contents compared to non-eroded and extremely 
eroded soil. A similar positive correlation between N2O emission and 
SOC content was observed by Stehfest and Bouwman (2006), analyzing 
data from 1008 N2O emission measurements from agricultural soils. 
Similar to this study, higher SOC and Nt contents in depositional soil 
than other slope positions were confirmed by numerous previous 
studies. In addition to the higher SOC and Nt stocks in the depositional 
soil, the higher groundwater level and a topsoil WFPS, almost continu
ously >60 % (Fig. 2c), might have created favorable conditions for 
denitrification, enhancing N2O fluxes compared to the extremely eroded 
soil. The higher N2O emission with increasing moisture content in the 
depositional soil was also found by Ashiq et al. (2021) and Gu et al. 
(2013), identifying soil moisture as one of the factors driving N2O 
emission in erosion affected arable croplands. This further emphasizes 
the effect of a WFPS >60 % on N2O emissions. 

The study area generally has a sandy soil texture. The lower fluxes 
observed at extremely eroded soil might be caused by a higher sand 
content (64 %) on the topsoil, enabling good soil aeration through the 
macropores compared to deposited and non-eroded soil. The higher 
sand content decreases the soil water-holding capacity and %WFPS (Li 
et al., 2018; Ruser et al., 2017), which also tends to be the case for the 
extremely eroded soil (Fig. 2c), creating less favorable conditions for 
nitrification and denitrification. Jamali et al. (2016) reported decreasing 
N2O fluxes with increasing sand content in a lysimeter study concerning 
the effect of soil texture on N2O fluxes. Although we observed higher 
mineral N concentrations at 0–30 cm soil depth for the extremely eroded 
soil (Fig. 4), N2O fluxes remained low, which might be because of lower 
%WFPS (Fig. 2c) as well as lower availability of labile C (lower SOC 
content; Table 1), both might limit denitrification. 

The soil pH has been identified as another main regulator of soil N2O 
fluxes (Hénault et al., 2019; Jamali et al., 2016; Stehfest and Bouwman, 
2006), affecting microbial community composition and activity in the 
soil. In acidic conditions, it is generally believed that the size of a ni
trifying and denitrifying community is smaller (Jadeja et al., 2021; Park 
et al., 2018; Šimek et al., 2002), and therefore, the production of N2O is 
lower. Thus, the moderately acidic conditions observed in LVa-MIN (pH 
= 5.5) might have inhibited the nitrification and denitrification process 
despite the higher %WFPS and thus lowered the N2O flux compared to 

RGco-MIN. 
The slightly alkaline conditions at the extremely eroded soil might be 

responsible for the observed low N2O emissions (Stehfest and Bouwman, 
2006). However, studies which estimated both N2O and N2 emission 
showed that in highly fertilized soils such as croplands, N2O:(N2O + N2) 
emission ratio and N2O emissions might also increase with decreasing 
pH (Qu et al., 2014). This is explained by the suppression of N2O 
reductase, which inhibits the reduction of N2O to N2, yielding in an 
incomplete denitrification (Pan et al., 2022; Senbayram et al., 2012). 

To determine whether the discussed factor constellations are indeed 
responsible for the strong effect of the erosion state on N2O emissions, 
subsequent investigations are required to understand how they interact 
with the processes responsible for N2O formation, turnover and trans
port. The higher N uptake, compared to N fertilizer application, for all 
variants suggests that excess fertilizer N, probably did not contribute to 
the differences in N2O emissions. This is much more likely due to 
erosion-related differences in soil N stocks, as already indicated. This 
may be accompanied by differences in N mineralization, which simul
taneously provide soluble N compounds for N uptake by plants as well as 
for N2O formation. However, clear statements on this are only possible 
on the basis of inter-alia 15 N isotope studies. Furthermore, annual N2O 
emission estimates, which might be highly affected by erratic short-term 
emission events, could be further improved through inter-alia enhancing 
the measurement frequency. As suggested by Grace et al. (2020) and 
Barton et al. (2015), especially automatic, continuous measurement 
systems might better reflect the temporal dynamics of N2O emissions 
throughout the year. At the same time, however, these systems still need 
to allow for multiple nearby treatment comparisons and spatial 
repetitions. 

5. Conclusion 

Our results demonstrated that N2O emissions of heterogeneous 
cropland were influenced not only by N fertilizer forms but to a similar 
degree also by the soil erosion states. While higher cumulative N2O 
emissions were observed at the site with organic fertilization compared 
to mineral fertilizer and a mix of organic and mineral fertilizers, the 
depositional soil showed higher N2O emissions compared to the eroded 
and non-eroded soil. These higher emissions were mainly explained by 
site-specific differences in soil properties and soil water content, which 
might be attributed to terrain position and soil erosion. To determine 
possible interactions and the impact of these two strong factors on N2O 
emissions or overall N dynamics of eroded croplands, it is necessary to 
perform additional, replicated, multi-factorial experiments testing a 
wide range of combinations of erosion states, N fertilizer rates and 
forms. It is likely that with reduced N fertilizer application, the erosion 
state will increasingly influence N2O emission in two ways: Firstly, as a 
result of differences in soil N stocks caused by erosion or deposition 
(Table 1); and secondly, as a result of the differences in the soil air 
balance of the non-eroded and the heavily eroded soil (primarily aero
bic) and the depositional soil (often anaerobic) (Fig. 1). Based on such 
studies, it will be possible to develop measures for more effective use of 
N fertilization and N2O emission reduction on eroded cropland. 
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Virkajärvi, P., Martikainen, P.J., 2019. Nitrous oxide emissions from perennial grass 
cropping systems on a boreal mineral soil 2469, 215–232. 

Velthof, G., Rietra, R.P.J., 2015. Nitrous oxide emission from agricultural soils. 
Wageningen Environ. Res. Rep. 7 (1), 62. 

Livingston, G.P., Hutchinson, G.L., 1995. Enclosure-based measurement of trace gas 
exchange: applications and sources of error. In: Matson, P.A., Harris, R.C. (Eds.), 
Methods in Ecology. Biogenic Trace Gases: Measuring Emissions From Soil and 
Water. Blackwell Science, Oxford, U.K, pp. 14–51. 

Loftfield, N., Flessa, H., Augustin, J., Beese, F., 1997. Automated gas chromatographic 
system for rapid analysis of the atmospheric trace gases methane. Carbon Dioxide, 
and Nitrous Oxide 26 (2), 560–564. 

Mbonimpa, E.G., Hong, C.O., Owens, V.N., Lehman, R.M., Osborne, S.L., Schumacher, T. 
E., Clay, D.E., Kumar, S., 2015. Nitrogen fertilizer and landscape position impacts on 
CO2 and CH4 fluxes from a landscape seeded to switchgrass. GCB Bioenergy 7, 
836–849. https://doi.org/10.1111/gcbb.12187. 

Mbow, C., Rosenzweig, C., Barioni, L.G., Benton, T.G., Herrero, M., Krishnapillai, M., 
Liwenga, E., Pradhan, P., Rivera-Ferre, M.G., Sapkota, T., Tubiello, F., Xu, Y., 2019. 
Climate change and land. Chapter 5: Food Security. IPCC Spec. Rep. 1–200. 

McGowan, A.R., Roozeboom, K.L., Rice, C.W., 2019. Nitrous oxide emissions from 
annual and perennial biofuel cropping systems. Agron. J. 111, 84–92. https://doi. 
org/10.2134/agronj2018.03.0187. 

Millar, N., Philip Robertson, G., Grace, P.R., Gehl, R.J., Hoben, J.P., 2010. Nitrogen 
fertilizer management for nitrous oxide (N2O) mitigation in intensive corn (Maize) 
production: An emissions reduction protocol for US Midwest agriculture. Mitig. 
Adapt. Strateg. Glob. Chang. 57, 185–204. https://doi.org/10.1007/s11027-010- 
9212-7. 
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